We demonstrate a compact laser source in the eye-safe wavelength regime (Ϸ1.5 m) that produces peak powers up to 10.6 kW at pulse durations of 0.84 ns with a repetition rate exceeding 1 kHz. An Er:Yb:glass microchip laser was passively Q-switched with a semiconductor saturable absorber mirror (SESAM). We investigated SESAM damage under Q-switching conditions and developed an improved SESAM design that can withstand microjoule pulses.
INTRODUCTION
Applications involving free-space propagation of short laser pulses can take advantage of much higher peak and much higher average power when the wavelength regime near 1.5 m is used. In this spectral range the light is strongly absorbed in the water-rich parts of the eye, and does not reach the sensitive retina. Applications for such sources include sensing of gases and contamination in air, distance measurements, and three-dimensional imaging. Different approaches for adequate laser sources have been reported in recent years. Peak powers of Ͼ100 kW and pulse durations of Ͻ200 ps have been reported with frequency conversion in an optical parametric generator. 1, 2 Gain switching of a Cr 4ϩ :YAG laser pumped with a Q-switched Nd:YAG microchip laser was demonstrated recently. 3 A more direct, simple, and efficient approach is passive Q switching of a 1.5-m laser with an absorber crystal (e.g., Co 2ϩ :LaMgAl 11 ) or with a semiconductor saturable absorber mirror (SESAM). 12 Laser emission at ϳ1.5 m has been reported from several gain materials including Cr 4ϩ :YAG (review on Cr 4ϩ -doped garnets), 13 Yb 3ϩ :Tm 3ϩ :YLiF 4 , 14 Er:Ti:LiNbO 3 , 15 and, most commonly used for diodepumped bulk lasers, Er:Yb:glass. 16 SESAMs 17, 18, 19 have been extensively used for passive mode locking and Q switching of solid-state lasers. Using a SESAM as a passive Q switch has a variety of advantages over other approaches. The flexibility of SESAMs allows tailoring of the parameters needed for a specific application. Design guidelines 20 for Q-switched microchip lasers with SESAMs can be used to vary the operation parameters in large ranges and can be applied to lasers operating in different wavelength regimes, e.g., at Ϸ1 m, 21, 22 Ϸ1.3 m, 23 and Ϸ1.5 m. 12 SESAMs allow us to realize a significantly shorter cavity length (in comparison with doped bulk crystals used as saturable absorbers) and therefore can be used to generate shorter pulses. Indeed, the shortest Q-switched pulse from a solid-state laser, 37 ps, has been achieved with a Nd:YVO 4 microchip laser with a SESAM. 20 Lasers with low thresholds and high efficiencies can be designed with SESAMs because the losses can be kept well below 1%. For example, we measured a threshold of 38 mW for a device emitting 0.85-J pulses at 1.5 m with a 7-ns duration.
In our previous work for eye-safe microchip lasers, 12 peak power and pulse energy were limited by damage to the absorber. In this paper we present a strategy to obtain higher powers by designing SESAMs with a higher damage threshold. After this introduction, in Section 2 we describe the setup of passively Q-switched microchip lasers. In Section 3 we summarize the functional principle of these devices. In Section 4 we discuss some general aspects of SESAMs, the detailed structure for a 1.5-m Q-switching element, and then a method to avoid damage to the absorber. In Section 5 measurements of the damage threshold under Q-switched laser operation for InP/InGaAsP SESAMs are presented. Finally, in Section 6 we report the performance of an optimized device.
MICROCHIP LASER SETUP
The setup of a microchip laser and the diagnostics is shown in Fig. 1 . The cavity of a microchip laser consists of two parallel flat mirrors. 24 To be able to investigate a large variety of different laser parameters, we used discrete components for the output coupler, the gain medium, and the SESAM. Platelets of Er:Yb:glass (QX/Er from Kigre, Inc.) with 5 mm ϫ 5 mm cross section were polished to thickness values of 0.2, 0.3. 0.5, 0.8, and 1 mm, respectively. The Er doping concentrations are 2.75 wt. % of Er 2 O 3 for the thinner glasses (0.2-0.5 mm) and 2.2 wt. % for the thicker ones. The Yb co-doping is at a level of 21 wt. % of Yb 2 O 3 for both melts. The polished faces were antireflection (AR) coated for both the laser and the pump wavelength. These glass plates were positioned with two molybdenum knives of 100 m thickness, which touched from each side to allow free access to both faces. The output coupler approached the front face while the SESAM was used from the other side to close the cavity. Air gaps of a few micrometers were left between the three components to allow for fine adjustment of the cavity. Compared with similar setups using other gain media such as Nd:YVO 4 or Nd:YAG, we found that the alignment of the output coupler and SESAM is much more delicate for Er:Yb:glass lasers. The reason for this is the negative dn/dT of the phosphate glass, which has a destablizing effect on the cavity mode. This effect competes with the stabilizing effects of thermal bulging of the end faces and gain guiding. 25, 26 Small wedge angles of the order of a milliradian between the output coupler and the SESAM lead to a significant increase of the threshold and can affect the pulse shape. (This might lead to multiple pulses but can also significantly reduce the pulse duration. 27 
)
The laser is pumped with a 100-m strip-width laser diode (Nortel Networks, Zü rich). The diode can produce up to 3 W of pump power at 975 nm. However, we could apply only up to Ϸ1 W of pump power because we observed cracking of the glass at higher powers. We pumped the laser through a dichroic beam splitter and the output coupler.
The diagnostics were set up to monitor all the important parameters simultaneously. With a vidicon-tube camera we monitored the laser mode area and the transverse mode quality. We define the mode area as w 2 /2 (w is the Gaussian mode radius) so that the peak intensity (on the symmetry axis) is simply the power divided by the mode area. The repetition rate was determined with a 500-MHz digital oscilloscope. To measure the pulse shape and the pulse width we used a 45-GHz photodetector and a 50-GHz sampling head. The optical spectrum was monitored with an optical-spectrum analyzer with a resolution of 0.1 nm, and the average output power was measured with a thermal powermeter.
OPERATION PARAMETERS OF Q-SWITCHED MICROCHIP LASERS
The dependence of the laser output on the design parameters has been described theoretically and confirmed experimentally by Spü hler et al. 20 The model is based on a few assumptions that are usually well fulfilled by Q-switched microchip lasers:
1. Small gain and loss during 1 cavity round trip (a few percent) were assumed.
2. Spatial hole burning was neglected. 3. No transverse intensity variations within the area of the laser mode A L were considered.
4. The total non-saturable losses (transmittance of the output coupler T OC and parasitic losses l par ) are assumed to be larger than the modulation depth ⌬R, which is favorable for both the slope efficiency and a symmetric pulse shape with short duration. The modulation depth ⌬R is defined as the amount of losses of the saturable absorber that can be bleached with high intensities. Here we summarize the most important results.
The pulse energy E p can be written as
is the saturation fluence of the gain material with L the laser frequency and L and L abs the cross section for stimulated emission and reabsorption at the laser wavelength, respectively. The fraction T OC /(T OC ϩ l par ) accounts for the output coupling efficiency. To obtain a high pulse energy, one can enlarge the mode area, but a good beam quality cannot be obtained for modes that are too large. Choosing a gain material with a small gain cross section leads to a high saturation fluence and thus to a high pulse energy. Finally, the modulation depth of the SESAM can be increased, as is discussed in Section 4.
The pulse duration is given by
where n is the index of refraction of the gain material, L is the cavity length, and c the speed of light. The cavity round trip time is 2nL/c. A reduction of the pulse duration can be achieved by shortening of the cavity or by using a SESAM with larger modulation depth. Both measures, however, are limited by the requirement that sufficient gain must be generated to overcome the laser threshold.
The repetition rate is calculated as the average power divided by the pulse energy. As the pulse parameters are only weakly dependent on the pump power as long as the mode area is not significantly changed, an increase of pump power simply increases the repetition rate.
Er:glass has a high saturation fluence, and we can already achieve microjoule pulses with a modulation depth below 1%. These pulse energies can lead to SESAM Fig. 1 . Scheme of the laser and diagnostic setup. A polished and AR-coated Er:Yb:glass plate is held from the side by two knife edges. The output coupler (OC) and SESAM are aligned to be parallel within an angle of Ͻ0.1 mrad. We used up to 1 W pump power from a 100-m strip width diode. The output is separated from the pump light with a dichroic beam splitter. (DBS). The output is divided with beam splitters to monitor several parameters simultaneously: A, laser mode area imaged with a vidicon tube camera; P av , average power; , pulse duration measured with a 45-GHz detector and a 50-GHz sampling head; , optical spectrum; f rep , repetition rate monitored with a digital oscilloscope.
damage. To some extent, damage can be avoided by using improved SESAM designs as discussed in Section 4.
SEMICONDUCTOR SATURABLE ABSORBER MIRROR (SESAM)
A. Parameters of a SESAM Figure 2 shows the reflectivity of a SESAM as a function of the incident pulse fluence. The modulation depth ⌬R is defined as the maximum reflectivity change between low and high intensity. The remaining losses at high intensity we call nonsaturable losses, and the fluence needed to switch 1/e of the saturable losses is the saturation fluence F sat . The dynamic response of the absorber plays a minor role for Q switching as long as the recovery time A of the absorber is larger than the pulse duration p and smaller than the pulse-to-pulse duration 1/f rep . Having a recovery time shorter than the pulse duration reduces the efficiency of the laser but does not help to decrease the pulse duration. Therefore we typically use SESAMs with recovery times of several nanoseconds for Q-switched microchip lasers.
B. Top Reflector
The SESAM design best suited for Q switching with high pulse energies is the high-finesse antiresonant FabryPerot saturable absorber. 17, 18 Here the semiconductor absorber is embedded in an antiresonant cavity between a semiconductor bottom Bragg mirror of high reflectivity and a sputtered dielectric top reflector with a transmittance T t (Fig. 3 ).
An advantage of using a combined structure with semiconductor and dielectric materials is the possibility of characterizing the semiconductor structure before the top reflector is produced. Usually we cleave several samples of the same growth run and apply different dielectric coatings as a top reflector, where at least one sample has an AR coating for a high modulation depth that facilitates precise characterization. We call the modulation depth of the AR-coated sample ⌬R AR and the nonsaturable losses l ns,AR (or we specify the reflectivity in the saturated state R ns,AR ϭ 1Ϫl ns,AR ).
With the transmittance of the top reflector T t we can adjust the intensity allowed to enter the absorber. Decreasing the transmittance T t reduces the intensity on the absorber, and thus increases the damage fluence and reduces the nonsaturable losses, but also decreases the modulation depth and increases the saturation fluence. The fluence on the absorber F abs can be calculated as
where F AR is the fluence in the AR-coated reference sample. For low fluences and in antiresonance the factor can be written as
In saturated condition is
For small nonsaturable losses l ns,AR Ӷ 1 (R ns,AR Ϸ 1) the modulation depth is scaling with the same factor as the fluence for low intensities: Fig. 2 . Reflectivity of a SESAM as a function of the incident pulse fluence. The data were measured with 100-fs pulses from an optical parametric oscillator system. The SESAM is an ARcoated reference sample from the same growth run as SESAMs 8 and 9 in Table 1 . where ⌬R is the modulation depth of the sample with the top reflector.
C. SESAMs for 1.5-m Q-Switching Experiments
The Bragg mirror and the absorber were grown with metal-organic chemical vapor deposition on an InP substrate. The materials used for the mirror as well as for the absorber were lattice matched to InP. For the bottom mirror, we used 40 pairs of InP/In 0.65 Ga 0.35 As 0.73 P 0.27 quarter-wave layers. The absorber was grown with In 0.58 Ga 0.42 As 0.9 P 0.1 and covered with a cap layer of InP. The cap layer is used to prevent carrier trapping and recombination at the semiconductor surface. 12 All absorbers were measured with a pump-probe experiment to have a recovery time Ͼ5 ns. For the top reflector we use a SiO 2 /HfO 2 coating with a high reflectivity for the pump wavelength and a designed transmittance for the laser wavelength (Table 1 ).
D. Optimization of Top Reflector
Let us compare two SESAMs that have different transmittance T t of the top reflector but with the same modulation depth of the final structure. That means the SESAM with the higher top-mirror reflectivity has a thicker absorber. As long as both SESAMs can still be fully saturated, the resulting laser performance will be the same. However, the lower transmittance T t reduces the pulse fluence on the absorber and thus increases the damage threshold.
We calculate the top reflector needed to prevent the SESAM from damage. The damage fluence F d of the absorber is assumed to be known. Measurements for 1.5-m absorber material will be presented in Section 5. Equation (3) can be used to calculate the fluence on the absorber
where F p ϭ E p /A L is the pulse fluence outside the cavity. The transmittance of the output coupler T OC accounts for the fact that the SESAM is exposed to the intracavity intensity. Using the pulse fluence described in Eq. (1) and replacing the modulation depth with the approximation of (6), we obtain a fluence on the absorber layer of To avoid damage we should keep the fluence on the absorber below the damage fluence:
For a rough estimate one can neglect the parasitic losses l par (which should be small compared with the transmittance of the output coupler) and replace the parentheses in the second denominator with an intermediate value of 2. We obtain a condition for the transmittance of the top reflector to prevent the SESAM from damage:
In Fig. 4 the quality of the approximation made in Eq. (6) and the estimate of Eq. (9) are compared with a numerical simulation. The fluence on the absorber F abs divided by the saturation fluence F L is plotted versus the transmittance of the top reflector. The parameters used for the plot are nonsaturable losses of l ns,AR ϭ 20%, modulation 
. (8) depth of the AR coated sample of R AR ϭ 40%, transmittance of the output coupler of T OC ϭ 10%, and parasitic losses of l par ϭ 1%. The strategy to achieve high modulation depth and avoid damage for a Q-switched microchip laser can be summarized as follows: First, we grow the semiconductor part of the SESAM with as much modulation depth as we can get. This can be limited by the critical thickness for strained layers, or, for lattice matched growth, the nonsaturable losses will eventually reduce the modulation depth with a further increase of the absorber thickness. The appropriate transmittance for the top reflector can be determined with Eq. (8).
DAMAGE MEASUREMENTS
With this experiment we determined the damage fluence of several absorbers operated in the Q-switched laser, and we showed that damage is caused mainly by excessive pulse fluence on the absorber layer, not in the dielectric top mirror. We concluded this from a large set of damage data taken with different SESAM and laser parameters. We combined the SESAMs listed in Table 1 with output couplers with transmittances of 0.43%, 6.0%, and 11.3%. The gain medium was varied with the above mentioned glasses of 0.2-1 mm thicknesses. For the pump spot we used two settings, either with diameters of Ϸ100 m ϫ 105 m or of Ϸ180 m ϫ 160 m. For each set data were taken at pump powers near threshold, at an intermediate value, and at full pump power (Ϸ1 W limited by glass damage).
Out of 167 combinations investigated, 29 could not reach threshold or immediate damage to the SESAM was observed. For the rest we found stable Q-switched operation. However, in this group, we could distinguish two classes: completely damage-free setups and lasers in which we found a dependence on the transverse position. (Probably damage occurs faster at spots where some defects are already present in the absorber layer.) Thirtyfive combinations are in this marginal class. Note that in the marginal cases, progressing damage can considerably increase the losses without completely destroying it. This results in a slow drop of the output power (seconds to minutes) and reduced pulse energy, while the pulse duration is unchanged. It leads to a tendency in which the pulse fluence is measured too low for these marginal cases because the intracavity losses have already increased during data acquisition.
From the measured pulse energy, the laser spot size, and reflectivities of the output coupler and top reflector of the SESAM, we calculated the fluence on the absorber layer. Figure 5 for the damage fluence. We see that the occurrence of damage does not depend on the average output power. Apparently the peak fluence of a single pulse, which is nearly independent of the average output power, is the critical quantity, and not the pulse repetition rate. In Fig. 5(b) the pulse fluence is plotted versus the pulse width, indicating that damage occurs independent of pulse width. Figure 5(c) shows the fluence for the different SESAM samples. (The SESAM numbers correspond to Table 1 .) It is surprising that even different SESAMs based on the same absorber structures (i.e., with only the top mirror varied) show damage at different fluence values. We believe that this is due to errors in the calculation of the pulse fluence on the absorber. Thickness variations particularly of the thicker absorbers lead to deviations from the antiresonance condition, so that the actual fluence on the absorber can be higher than calculated assuming antiresonance.
To verify that damage occurs in the semiconductor material and not in the top reflector, we used a surface profiler (alpha-step) to investigate the damaged spots. Two kinds of profiles could be distinguished: craterlike and hill-like features. However, when the coating is removed by selective etching, the absorber below shows a similar structure for both profiles, with a hole indicating that the initial damage occurs in the absorbing layer. Note that laser-induced damage in transparent dielectric materials has been investigated extensively elsewhere, 30 but damage of semiconductor absorbers is a quite different phenomenon physically.
With this experiment we could show that damage typically occurs at a pulse fluence on the absorber above Ϸ10-100 mJ/cm 2 .
OPTIMIZED SESAM AND LASER PERFORMANCE
Following the strategy discussed in Subsection 4.D for optimizing the SESAM performance leads us to the following design: On a Bragg mirror with 40 pairs of InP/ InGaAsP quarter-wave layers an absorber was grown with a 2.5-m thickness resulting in a double-pass absorption of Ϸ95%. For the top reflector we used T t ϭ 5%, resulting in a modulation depth of 1.2%. An even thicker absorber of 4.5 m was investigated with the same top reflector. However, the sample shows large nonsaturable losses, while the modulation depth could not be increased further.
The laser was set up with a 4% output coupler and a 0.5-mm thick glass doped with 2.75 wt. % Er 2 O 3 and 21 wt. % Yb 2 O 3 . The pump spot was 170 m ϫ 190 m. In Fig. 6 , a sampling scope trace of the pulse is shown. The pulse has a full width at half-maximum duration of 0.84 ns, a peak power of 10.6 kW, and a pulse energy of 11.2 J. Figure 7 shows the optical spectrum of this pulse. With a pump power of 608 mW resulting in an output of 16 mW and a repetition rate of 1.4 kHz, nearly single-mode operation is achieved with a side-mode suppression of 15 dB. Up to 51 mW average power could be obtained (limited by glass fracture). However, above 16 mW of average power the laser could no longer be operated with a single longitudinal mode.
For all setups we observed a dependence of the pulseto-pulse jitter on the mode number. When the laser operates on a single longitudinal mode, the repetition rate typically has fluctuations below 2% (standard deviation). For operation on two longitudinal modes, the timing fluctuations become much stronger, typically around 10%, but sometimes even 30% and more. Here we often observe a hopping between two different pulse separations, either regularly or sometimes in a chaotic manner. This can be explained by spatial hole burning: When the laser reaches threshold, the longitudinal mode closest to the gain peak starts oscillating. After evolution of this first pulse, the remaining inversion is spatially modulated. Another longitudinal mode may reach threshold earlier, when it has a better overlap with the undepleted inversion. With several modes (Ͼ5) the jitter is weaker than with only two modes, but the variations typically remain much larger than in the single-mode case.
We measured a laser spot diameter of 150 m ϫ 115 m in the laser. With this large mode the laser was no longer diffraction limited. We measured M 2 values of 2.0 and 2.7 parallel to the fast and slow axis of the pump diode, respectively. With pump spots of ϳ100 m diameter we got close to the diffraction limit with M 2 Ͻ 1.3. For the 11.2-J pulses the fluence on the absorber was 130 mJ/cm 2 . That was in the marginal regime, and indeed we also found spots where the SESAM was damaged. However, once the laser was running, we did not see any sign of degradation during the experiment, which lasted for several hours. Since there is no polarization-dependent element in the cavity, one would expect an unpolarized beam. However, with some ellipticity of the pump beam, e.g., with the pump spot diameter in one direction being 30% smaller than in the other Optical spectrum of the laser corresponding to the pulses shown in Fig. 6 . The solid line shows a single longitudinal mode for 16-mW average power, while multi-longitudinal-mode operation is observed at higher powers (dotted curve, 45 mW). The shoulders of the peaks (particularly the single-mode peak) indicate the presence of some higher-order transverse modes. direction, enough strain is generated to stabilize a linear polarization state. For nearly circular pump beams, hopping between two linear polarization states can occur.
CONCLUSIONS
We have shown that the damage of InP/InGaAsP semiconductor saturable absorber mirrors (SESAMs) used for eye-safe passively Q-switched microchip lasers at 1.5 m is basically determined by a critical fluence of the order of 10-100 mJ/cm 2 for a single pulse within the absorber layer. We can obtain significantly higher pulse energies of up to 11.2 J from such microchip lasers by using antiresonant SESAM designs with relatively high topmirror reflectivity and a thick absorber layer, so that the fluence within the absorber layer is much smaller than the fluence incident on the SESAM. Pulses with subnanosecond duration and peak powers up to 10.6 kW have been obtained and make these lasers interesting for applications such as range finding and three-dimensional imaging.
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